Abstract Lipoic acid (LA) exhibits antioxidant and antiinflammatory properties; supplementation reduces disease severity and T lymphocyte migration into the central nervous system in a murine model of multiple sclerosis (MS), and administration in secondary progressive MS (SPMS) subjects reduces brain atrophy compared to placebo. The mechanism of action (MOA) of LA's efficacy in suppression of MS pathology is incompletely understood. LA stimulates production of the immunomodulator cyclic AMP (cAMP) in vitro. To determine whether cAMP could be involved in the MOA of LA in vivo, we performed a clinical trial to examine whether LA stimulates cAMP production in healthy control and MS subjects, and whether there are differences in the bioavailability of LA between groups. We administered 1200 mg of oral LA to healthy control, relapsing remitting MS (RRMS) and SPMS subjects, and measured plasma LA and cAMP levels in peripheral blood mononuclear cells (PBMCs). There were no significant differences between the groups in pharmacokinetic (PK) parameters. Healthy and SPMS subjects had increased cAMP at 2 and 4 h post-LA treatment compared to baseline, while RRMS subjects showed decreases in cAMP. Additionally, plasma concentrations of prostaglandin E2 (PGE 2 , a known cAMP stimulator) were significantly lower in female RRMS subjects compared to female HC and SPMS subjects 4 h after LA ingestion. These data indicate that cAMP could be part of the MOA of LA in SPMS, and that there is a divergent response to LA in RRMS subjects that may have implications in the efficacy of immunomodulatory drugs. This clinical trial, BDefining the Anti-inflammatory Role of Lipoic Acid in Multiple Sclerosis,^NCT00997438, is registered at https://clinicaltrials.gov/ct2/show/record/NCT00997438.
Introduction
Lipoic acid (LA, also known as alpha-lipoic acid or thioctic acid) is an eight-carbon sulfur containing fatty acid that is synthesized from octanoic acid by lipoic acid synthase in most prokaryotic and eukaryotic microorganisms, plants, and animals [1] . LA can also be absorbed from the diet, including natural food sources and over the counter nutritional supplements. LA exhibits antioxidant and anti-inflammatory properties, and supplementation has been shown to suppress and reduce disease severity and T lymphocyte migration into the central nervous system (CNS) in the murine model of multiple sclerosis (MS), experimental autoimmune encephalitis (EAE) [2] [3] [4] . Mice treated with LA after the onset of clinical disease showed a rapid decrease in paralysis compared with controls and had significantly reduced demyelination and axonal Sarah E. Fiedler and Vijayshree Yadav contributed equally to this work.
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* Sonemany Salinthone salintho@ohsu.edu injury. Furthermore, LA at a dose of 100 mg/kg/day completely prevented EAE when administered 7-10 days after immunization before the onset of clinical disease [2] . LA also inhibited T cell migration into the CNS and suppressed the expression of intercellular adhesion molecule 1 (ICAM-1) and vascular cell adhesion molecule 1 (VCAM-1) by CNS endothelial cells (ECs). ICAM-1 and VCAM-1 are involved in immune cell adhesion to endothelial cells (ECs) [5] . In a mouse focal cortical model of EAE, LA decreased CD4+ and galectin-3+ immune cell infiltration into the brain [6] . Efficacy of LA in preventing EAE development in rats in a dose-dependent fashion was confirmed by Schreibelt et al. [7] . This study also showed that LA decreased the migration of monocytes across the blood brain barrier (BBB), which is correlated with the clinical improvement seen in EAE. Due to its success in treating EAE, studies have expanded to include human cells and clinical trials have begun in MS patients. An early pilot trial of oral LA in MS subjects conducted by Yadav et al. demonstrated that oral LA reduces serum matrix metallopeptidase 9 (MMP-9) and sICAM-1 levels [4] . These proteins are associated with inflammatory disease activity and have been targeted for therapy. In another small clinical trial, 1200 mg/day of LA for 12 weeks significantly improved total antioxidant capacity [8] . Most recently, Dr. Spain conducted a 2-year randomized, double-blind, placebo-controlled pilot trial and made the exciting discovery that daily LA ingestion produced a 68% reduction in brain atrophy compared to placebo over a 2-year period in people with secondary progressive MS [9] .
Though data from EAE models and these trials indicate that LA may be effective as a treatment for MS, the mechanism of action in humans has not been fully addressed. We have discovered that LA stimulates production of the small molecule second messenger cyclic adenosine monophosphate (cAMP) in T-cell-enriched peripheral blood mononuclear cells (PBMCs) and in natural killer (NK) cells from healthy human donors in vitro [10] . cAMP is a potent inhibitor of T-cell activation and proliferation (reviewed in [11] [12] [13] ). Increased levels of cAMP have been shown to inhibit the expression of proinflammatory cytokines such as interleukin (IL)-2, interferon (IFN)-γ, and tumor necrosis factor (TNF)-α and to stimulate the production of anti-inflammatory cytokines such as IL-10 [14] . Agents that elevate cAMP levels are also known to increase the barrier function of tight junctions in the BBB and peripheral vascular endothelial cells [15] [16] [17] . In this study, we designed a clinical trial to determine whether LA can stimulate cAMP production in subjects with MS (relapsing remitting and secondary progressive) and healthy controls, and whether there are differences in bioavailability of LA between groups. We also determined if cAMP can be used as a biomarker that would allow us to monitor the therapeutic efficacy of LA at earlier time points than the extended periods necessary to achieve clinical effects, such as measuring brain atrophy.
Methods

Subject Recruitment and Consenting
This study received approval from the VA Portland Healthcare System (VAPORHCS) and Oregon Health and Science University (OHSU) institutional review boards prior to initiation (OHSU eIRB#5659). Healthy control (HC), relapsing remitting MS (RRMS), and secondary progressive MS (SPMS) subjects were recruited at these institutions via flyers, screening of potential candidates receiving care at the VAPORHCS and OHSU MS clinics, and word of mouth. Interested subjects were phone-screened for eligibility prior to scheduling an enrollment visit. All enrolled subjects gave informed consent in writing before study participation. To qualify, HC subjects needed to be an adult at least 18 years of age, able to provide informed consent, and meet none of the following exclusion criteria: (1) selfreported current substance abuse (except tobacco), alcohol abuse/dependence, or sobriety for less than 90 days; (2) pregnant or breast-feeding; (3) anemia as indicated by point-of-care (POC) hemoglobin < 12; (4) history of bleeding disorders; (5) current anti-coagulant use such as heparin, Coumadin, or daily aspirin, (6) weight less than 110 lbs.; (7) other significant inflammatory diseases or health problems (e.g. active coronary heart disease, diabetes mellitus, other autoimmune disorder); or (8) active infection (as indicated by a fever). In addition to the above inclusion/exclusion criteria, patients enrolled as MS subjects needed to have a current diagnosis of relapsing remitting MS (RRMS), and were excluded for experiencing MS exacerbation(s) or receipt of systemically administered corticosteroids within 30 days of the blood draw.
Treatment, Specimen Collection, and Processing
At visit 1, subject eligibility screening and informed consent was performed; medical history questionnaire (including current medication and supplement listing) was completed, weight and vital signs were measured and recorded, and physical exam (if indicated based on medical history and/or vital signs) and anemia checks were performed. Additionally, for subjects with MS, the SelfAdministered Expanded Disability Status Scale (EDSS) questionnaire was administered. Physical and neurological exams were also performed. Subjects were asked not to consume caffeine and to stop taking supplements that may interfere with the absorption of LA or the production of cAMP (i.e., non-steroidal anti-inflammatory drugs (NSAIDs), vitamins C and D, calcium, multivitamins, omegas/fish oil, etc.) until the completion of the study. The use of prescription medications was permitted. Subjects were also asked to abstain from alcohol for 24 h and fast for 12 h prior to visit 2. At visit 2, subjects of child-bearing potential were given pregnancy tests, and all patients had peripheral IVs inserted. Patients received a standardized breakfast, followed by baseline blood draw (time 0). Subjects then ingested 1200 mg racemic LA by taking four 300 mg gelatin capsules (Vital Nutrients Middletown, CT USA) with water. Blood was collected again at 1, 2, 3, and 4 h after taking LA. Subjects returned to the clinic for visits 3 and 4 for 24-and 48-h blood draws, completing subject involvement in the study.
At each time point, approximately 50 ml of blood was collected in 5 (10 ml) ethylenediaminetetraacetic acid (EDTA)-coated tubes (Thermo Fisher Scientific, Waltham, MA) and immediately processed. To obtain plasma for pharmacokinetic (PK) analyses, one tube was centrifuged (10 min at 1430×g, 5°C). Separated plasma was aliquoted and frozen at − 80°C. To obtain PBMCs, the remaining four EDTA tubes were combined and diluted with approximately 25 ml phosphate-buffered saline (PBS). PBMCs were isolated via Ficoll (Thermo Fisher Scientific, Waltham, MA) gradient separation, washed three times in Roswell Park Memorial Institute (RPMI) medium (Thermo Fisher Scientific, Waltham, MA), and separated into dry pellets (stored at − 80°C) and cryopreserved cells [resuspended in RPMI + dimethyl sulfoxide (DMSO, Sigma Aldrich, St. Louis, MO) then cooled at a constant rate to − 80°C prior to transfer to liquid nitrogen storage].
Trial Profile
One hundred thirty-seven volunteers were phone-screened for eligibility; 69 subjects were deemed eligible and chose to schedule a screening and consenting visit (visit 1) to enroll in the study (Fig. 1) . Seven subjects (three HC, two RRMS, and two SPMS) did not meet the inclusion/ exclusion criteria based on medical questionnaire and physical/neurological examination and were withdrawn from the study. Two additional subjects (one RRMS and one SPMS) declined further participation for personal reasons. Sixty subjects took the study drug (visit 2). Three subjects were withdrawn during this visit; one healthy control subject fainted at the 2-h blood draw, and two SPMS subjects had difficulty with blood draw. The remaining 57 subjects completed the study. Subject demographics are listed in Table 1 .
Pharmacokinetic Analysis Using Liquid Chromatography Coupled with Tandem Mass Spectrometry
LA concentrations were measured in plasma samples at baseline and after ingestion of LA using LC-MS/MS at the OHSU Pharmacokinetics Core.
Materials: Lipoic acid (LA) was from Sigma-Aldrich (St. Louis, MO). The internal reference, racemic α-lipoic acid-1,2,5,6-13 C 4, was from Isotec, a division of Sigma-Aldrich. The sample vials and silanized inserts were obtained from Sun Sri (a subdivision of Fisher Scientific, Rockwood, TN). MS grade methanol, acetonitrile, and water were purchased from Burdick and Jackson (Muskegon, MI). Acetic acid was from J.T. Baker (Phillipsburg, NJ).
Preparation of samples and calibrators: Concentrated stocks of LA standard and the internal reference (13C4-LA) were prepared at 1 mg/ml in methanol and stored at − 80°C. A 50-μl aliquot of plasma was removed and treated with 150 μl of acetonitrile containing 10 ng/ml of 13 C 4 -LA. LA standards were prepared by spiking naïve plasma with 0 to 1000 ng/ml LA. The samples were vortexed and protein removed by centrifugation. The supernatant was filtered through a 0.22-μm Ultrafree®spin filter (EMD Millipore, Darmstadt, Germany), and 10 μl was injected for LC-MS/ MS analysis. The sample concentrations were determined from the slope and intercept of standard curves of the area ratio of the analyte/internal standard versus the LA concentration prepared with each sample set. The lower limit of quantification was 1 ng/ml of LA.
Processed plasma samples were analyzed using a 5500 QTRAP-hybrid/triple quadrupole linear ion trap mass spectrometer (SCIEX, Framingham, MA) with electrospray ionization (ESI) in negative mode. The mass spectrometer was interfaced to a Shimadzu (Columbia, MD) SIL-20AC XR auto-sampler followed by two LC-20AD XR LC pumps. The instrument was operated with the following settings: source voltage − 4500 V, GS1 50, GS2 50, CUR 50, TEM 500°C, and CAD gas high. The MRM transitions monitored with a 75-ms dwell time were LA, m/z 205 → 171; 13 C 4 -LA: m/z 209 → 175. Transitions were optimized by direct infusion of purified compounds. The gradient mobile phase was delivered at a flow rate of 0.3 ml/min and consisted of two solvents: 0.03% acetic acid in water (A) and 0.03% acetic acid methanol (B). The initial concentration of B was 40%, followed by an increase to 95% B by 2 min, held at 95% for 2 min, then decreased to 40% B in 0.1 min, followed by re-equilibration for 2.9 min for a total time of 7 min. Flow was directed to the source from 2.5 to 3.9 min. The column was a Zorbax SB-C18, 2.1 × 50 mm; 3.5μ from Agilent (Santa Clare, CA), maintained at 35°C using a Shimadzu CTO-20AC column oven. Data were acquired using Analyst 1.6.2 software and analyzed using Multiquant 3.0.1 software.
Enzyme-Linked Immunosorbent Assays
To measure cAMP content, PBMC pellets were resuspended in 100 μl PBS; 50 μl of suspension were added to 350 μl 0.1 M HCl, mixed and boiled for 10-15 min to lyse cells for cAMP assay. The remaining 50 μl of cell suspension was saved and re-frozen at − 80°C. cAMP colorimetric competitive immunoassays were performed in triplicate, according to the manufacturer's instructions (Enzo Life Sciences Inc., Farmingdale, NY, USA). To normalize cAMP values to protein content, BCA assays were performed in triplicate according to the manufacturer's instructions (Thermo Fisher Scientific, Waltham, MA).
To measure plasma albumin, a DuoSet ELISA kit was purchased from R&D Systems (Minneapolis, MN), and assays were performed in duplicate according to manufacturer's protocol in half-volume plates.
To measure plasma TNF-α, a Ready-SET-Go ELISA kit was purchased from Affymetrix (now a division of Thermo Fisher), and assays were performed in half-volume plates according the to manufacturer's protocol in duplicate, with overnight sample incubation at 4°C.
To measure prostaglandin E2 (PGE 2 ) concentrations in plasma, an ELISA kit was purchased from Enzo Life Sciences Inc. (Farmingdale, NY). Assays were performed according to the manufacturer's protocols in duplicate.
For all ELISAs, plates were read using a SpectraMax M2 microplate reader (Molecular Devices, Sunnyvale, CA). Values for each donor were determined as an average of the replicates, which were generated from internal four parameter logistic standard curves using Softmax software (Molecular Devices). Some initial sample analyses yielded values above the standard curve. These samples were diluted further in PBS (cAMP assays) or assay buffer (TNF-α and PGE 2 ) until values were within range of the assay's detection.
Statistical Analyses
Plasma LA pharmacokinetic data were analyzed by noncompartmental methods using PKSolver, a freely available add-in program for use with Microsoft Excel [18] . Area under the plasma concentration-time curve from time zero to the last time point (48 h, AUC 0-last ) was calculated by the linear trapezoidal rule. Terminal elimination half-life (t 1/2 ) was calculated as ln 2/λ z , where λ z is the terminal elimination rate constant, determined from regression analysis of the concentration-time points in the terminal elimination phase. Oral clearance (CL/f) was calculated as oral dose over/AUC 0-∞ , where AUC 0-∞ is AUC 0-last plus the terminal area. Finally, volume of distribution (V z /f) was calculated as Interferon beta-1a: seven subjects, glatiramer acetate: three subjects, fingolimod: two subjects, natalizumab: two subjects b Interferon beta-1a: two subjects, glatiramer acetate: three subjects CL/λ z . Subject groups were tested for significant differences in PK parameters with Student's t tests (HC v RRMS and HC v SPMS) and one-way ANOVAs. Median cAMP levels and interquartile range were calculated at each time point (baseline, 2 and 4 h) and by subject group (HC, RRMS, and SPMS). The distribution of cAMP levels were assessed graphically and were shown to be heavily righttailed. Thus, cAMP was log-transformed prior to further analysis. In order to account for the repeated measurements within patients and over time, a general estimating equation (GEE) was used to estimate the change (slope) in cAMP overall (baseline to hour 4) and between each consecutive time points (baseline to hour 2, hour 2 to hour 4). Linear combinations were used to estimate the difference in cAMP change (difference in slopes or difference-in-difference) between RRMS, SPMS, and HC subjects. Reported are the estimated slopes and 95% confidence intervals as well as the p values for the difference in slope between subject groups. Since cAMP was log-transformed, the slopes are a ratio of two time points and are interpreted as Bfor each unit change in time, median cAMP levels change by a factor of X.F or albumin, TNF-α and PGE 2 , values for each donor were determined as an average of the replicates, which were generated from internal four parameter logistic standard curves using Softmax software (Molecular Devices). These values were used to determine the arithmetic mean, plus or minus the standard error of the mean, of each condition. Mean values were then tested for significant differences within and between groups in Microsoft Excel 2010 using one-way ANOVAs and Student's t tests. Further analyses [median, potential significance of median differences, interquartile range (IQR), and outliers] and graphing were performed using BoxPlotR: a free web-tool for generation of box plots.
Results
Lipoic Acid Pharmacokinetics
In a previous study by Yadav et al. assessing the pharmacokinetics of LA, MS subjects receiving 1200 mg of racemic LA had peak median serum levels of 4800 ng/ml, with T max between 1 and 4 h [4] . In a follow-up study to test different formulations of LA, mean serum C max in MS subjects taking 1200 mg of LA from Vital Nutrients was 9980 ng/ml, with a mean T max of 1.19 h and half-life of 0.67 h [19] . These values differed significantly from previous PK studies using healthy subjects, raising the possibility that MS alters LA bioavailability [20] [21] [22] [23] [24] . Thus, to determine whether MS subjects process LA differently than do healthy controls, we performed comparative PK analyses of LA levels using plasma from HC, RRMS, and SPMS subjects who took a single 1200 mg oral dose of LA (Vital Nutrients) with food. This replicated previous conditions in which Yadav et al. demonstrated that a comparable dose in mice was highly effective at suppressing EAE [19] .
At the time of our analyses, plasma samples from one HC and one SPMS subject were not available, leaving 19 HC, 21 RRMS, and 15 SPMS subjects for PK studies (parameters outlined in Table 2 ). Figure 2 shows the plasma LA concentration-time curves for HC, RRMS, and SPMS subjects (mean values, ± standard error). In all subjects, LA levels were below the minimum detection level at baseline. After ingestion, peak median LA plasma concentrations of 1986 ± 302 ng/ml (HC), 1895 ± 305 ng/ml (RRMS), and 2110 ± 351 ng/ml (SPMS) were reached at T max 1.8 ± 0.2, 1.81 ± 0.2, and 1.53 ± 0.2 h, respectively. Wide inter-patient variability was observed in all parameters (see reported ranges in Table 2 ). There are no significant differences between subject groups (HC, RRMS, and SPMS) in any of the parameters examined, including half-life, T max , C max , AUC 0-∞ , volume of distribution, and oral clearance.
Cyclic AMP
Useable PBMCs were not obtained from 1 HC and 2 RRMS patients, leaving 19 HC, 19 RRMS, and 16 SPMS subjects for cAMP analyses. Assays of cAMP levels from our early samples, combined with data from our previous studies, suggested that the time of greatest interest for cAMP detection was 2 and 4 h post-LA administration; we thus focused our resources on these time points [25] . Supplemental Fig. S1 depicts cAMP data from all patients and mean cAMP level at each time point from each subject group. Figure 3 depicts these data on a more limited scale, Bzoomed^to better show the cAMP levels of the majority of individual donors, and also includes mean data points. Table 3 displays the median cAMP level for each group at each time point. Model estimated changes in cAMP levels overall and between consecutive time points are displayed in Table 4 . cAMP levels in RRMS patients decreased by a factor of 0.76 from baseline to hour 2 (95% confidence interval [CI] 0.62, 0.94) and increased slightly by a factor of 1.03 at hour 4 (95% CI 0.83, 1.26). In comparison, cAMP levels in SPMS patients increased by a factor of 1.28 from baseline to hour 2 (95% CI 1.03, 1.6), then decreased by a factor of 0.94 at hour 4 (95% CI 0.75, 1.17). cAMP levels in HC increased by a factor of 1.11 from baseline to hour 2 (95% CI 0.9, 1.37) and continued to increase by a factor of 1.02 at hour 4 (95% CI 0.83, 1.26). There were no significant correlations between LA AUC 0-∞ , (or C max ) and either peak cAMP levels or changes in cAMP (Supplemental Fig. S2 and data not shown).
Overall change in cAMP differed significantly between RRMS patients (0.78, 95% CI 0.64, 0.97) and HC (1.11, 95% CI 0.9, 1.37) (p value = 0.0204; Table 4 ). Overall change also significantly differed between RRMS patients and SPMS patients (1.20, 95% CI 0.96, 1.5) (p < 0.001). For both comparisons, the significant difference in change was largely driven by the baseline to hour 2 time period, in which the RRMS group had a decrease in cAMP levels while the SPMS and HC groups had increasing cAMP levels. SPMS and HC did not differ (p = 0.6168). These data are supported by individual T max values; though the percentage of subjects reaching (LA) T max at each of the measured time points was fairly similar in all three groups (Supplemental Fig. S3a) , most HC and SPMS subjects had peak cAMP levels at 2 or 4 h post-LA (77.8 and 75%, respectively), while the majority of RRMS subjects (61.1%) had peak cAMP levels at the baseline measurement (Supplemental Fig. S3b) .
Albumin, TNF-α, and PGE 2
To check for gross differences in plasma protein content within or between subject groups, we analyzed albumin levels by ELISA. This analysis revealed no significant differences in albumin concentrations between HC, RRMS, or SPSM subjects at any time point tested (Supplemental Table S1 ). Results for all of our groups were slightly higher than what is considered to be within normal range (35-50 mg/ml). We believe this is likely due to the use of an ELISA kit that is optimized for cell culture, rather than clinical samples. However, we cannot exclude the possibility that LA increases plasma albumin levels.
We also assayed plasma for the presence of TNF-α, an inflammatory cytokine that is tied to the pathogenesis of MS [26] . Though there was a trend toward lower median levels of TNF-α in RRMS plasma, this difference was not significant, and mean values across all three groups were very similar (Supplemental Fig. S4a ). Additionally, lipoic acid appeared to have absolutely no effect on plasma TNF-α values at the time points examined (2 and 4 h), as variation in concentrations between baseline and 4 h from the majority of individual donors was extremely minimal (Supplemental Fig. S4b ).
Although not our original intention, this stability serves as an internal control suggesting that differences seen between time points in other parameters assayed are real and not artifacts of sample collection variation. We have previously demonstrated that LA stimulates cAMP production via G-protein-coupled receptors (GPCRs), including the PGE 2 receptors EP2 and EP4 [25, 27, 28] . Because we saw differences in cAMP response to oral LA between subject groups, we also wanted to examine PGE 2 production. Unfortunately, PBMC samples from a number of our subjects were exhausted in cAMP assays, so the only available samples for PGE analyses were plasma aliquots. However, assaying PGE 2 levels in plasma is an appropriate functional measurement since the excreted PGE 2 is the mediator of various signaling events. When analyzing all donors, there were no significant differences in PGE 2 a cAMP was log-transformed to achieve normality; thus, the difference between two time points within a group, or change, is a ratio of the two time points and is interpreted as Bfor each unit change in time, median cAMP levels increase by a factor of X.^For instance, cAMP increased by a factor of 1.11 or 11% from pre-treatment to hour 4 in controls b p value is for the difference in change between two groups or the difference-in-differences concentrations between subject groups or between time points within subject groups (Fig. 4, top panel) . Because there are known sex differences in MS (disease onset, incidence, progression, and type) [29] , we performed all analyses for this study both in aggregate, and also breaking the data apart by sex. For most of the data, no significant differences emerged (data not shown). However, when we examined PGE 2 concentrations by sex, a significant difference was seen in females, but not males; mirroring cAMP data, HC and SPMS subject groups did not differ, but female RRMS subjects had levels of PGE 2 that were significantly lower than both HC and SPMS (female) subjects at 4 h post-oral LA ingestion (Fig. 4, middle panel) .
In addition to analyzing all data by sex, we also looked for correlations between each of our tested parameters (LA, cAMP, albumin, TNF-α, and PGE 2 ) with each of the others and with disease-modifying medication status (Table 1 ). There were no significant correlations (data not shown).
Discussion Pharmacokinetic Analyses
This is the first study to directly compare the bioavailability of oral LA and its effect on cAMP levels in healthy control, RRMS, and SPMS subjects and demonstrates for the first time that MS does not appear to alter the bioavailability of oral LA. This study revealed lower C max and AUC 0-∞ and higher T max , half-life, volume of distribution, and oral clearance when compared to a small cohort of MS subjects in a previous pilot trial or compared to healthy controls in other studies. There are many potential reasons for the observed differences, including the different formulations of LA and whether LA was taken with or without food [19, 30, 31] . Another very likely reason for the differences is that our measurements of LA were from plasma samples, which often give significantly different values than metabolites measured in serum [19, 31] . For example, in a study that used LC-MS/MS to quantify 33 antidepressant drugs spiked into whole blood, plasma, and serum, there was wide variability in recovery and matrix effects between the drugs, and this variability was not consistently tied to matrix type-i.e., while one drug may have the highest recovery in plasma, and lowest in serum, other drugs showed opposite trends, while many others were best recovered from whole blood. However, it was demonstrated in this study that plasma samples yielded accurate and precise quantification for the highest number of drugs tested [32] . Additional variables that could be responsible for our findings include the larger sample size included in this study and the inclusion of relatively more male subjects, coupled with the high variability between subjects seen in all PK studies of LA [4, [19] [20] [21] [22] [23] 30] .
Cyclic AMP as a Mediator of Lipoic Acid Mechanism of Action
LA has been shown to be therapeutic in EAE (the rodent model of MS), and our co-authors recently published data showing that LA treatment reduces brain atrophy in SPMS Fig. 4 Plasma prostaglandin E2 (PGE 2 ) concentrations. PGE 2 enzymelinked immunosorbent assays (ELISAs, Enzo Life Sciences) were performed on plasma from the same healthy control (HC, N = 19), relapsing remitting (RRMS, N = 21), and secondary progressive (SPMS, N = 15) subjects as in Fig. 2 according to manufacturer's instructions. Results were analyzed in aggregate (top panel), as well as by sex (middle panel females, bottom panel males). Center lines show the medians; box limits indicate the 25th and 75th percentiles as determined by R software; whiskers extend 1.5 times the interquartile range from the 25th and 75th percentiles; outliers are represented by dots; crosses represent sample means. These graphs were generated by BoxPlotR: a web-tool for generation of box plots. Asterisk indicates significant differences (p < 0.05) between 4 h samples from HC and RRMS donors and between SPMS and RRMS donors. Number sign indicates an outlier value not pictured on the chart due to the chosen graph scale: 4738.9 pg/ml PGE 2 for a baseline value of one SPMS subject subjects compared to placebo control [9] . However, the clinical mechanism of action (MOA) of LA has yet to be described. Abnormal regulation of the inflammatory response is an important component of MS, and LA has been shown to be anti-inflammatory in vitro [33] . We have previously demonstrated that these anti-inflammatory properties are mediated in part by the cAMP signaling cascade [25, 27, 28] . We also reported preliminary evidence that oral administration of different formulations of LA supplements elevated cAMP levels in PBMCs from a small, mixed population of MS subjects 4 h after ingestion [25] . Together, these data led us to hypothesize that the MOA of LA in vivo is dependent on stimulation of cAMP, resulting in suppression of neuroinflammatory processes in MS. The primary purpose of this study was to begin to test this hypothesis by performing a clinical trial examining cAMP response to LA treatment in HC, RRMS, and SPMS subjects. As expected, PBMCs from HC and SPMS subjects showed elevated cAMP levels at 2 and 4 h post-LA compared to baseline. Somewhat surprisingly, RRMS subjects had decreased levels of cAMP at 2 and 4 h post-LA, though there were no significant differences in plasma LA concentrations. This differed from our previous finding that LA treatment increased cAMP levels. The discrepancy is likely due to the differences in the sample population; the previous results were obtained from a mixed population of both RRMS and SPMS subjects grouped together in the analyses [25] . Given the wide variability between subjects in their PK response to LA, a larger study to confirm our findings would be beneficial. PGE 2 , Lipoic Acid, and Cyclic AMP The reason(s) for the divergent cAMP response in RRMS vs. SPMS subjects are not immediately clear given our finding that there are no differences in the pharmacokinetics of LA between the two cohorts. However, our work with another agent that stimulates cAMP production (PGE 2 ) may provide some clues and avenues for exploration. The role of PGE 2 in both healthy and disease states is complex, as it elicits both pro-and anti-inflammatory effects. This is likely due in part to its multiple receptors, two of which (EP2 and EP4) affect increases in cAMP, while splice variants of a third (EP3) inhibit cAMP production [34] . We have previously demonstrated that LA stimulates cAMP production by binding to and activating the PGE 2 (EP2/EP4) receptors and have further shown that LA/PGE 2 co-stimulation has a synergistic effect on cAMP production in PBMCs and NK cells from healthy subjects [27] . However, in vitro evidence in non-immune cells indicates that LA can inhibit PGE 2 production (see Fig. 5 for a schematic summary of known LA, PGE 2 , EP receptor, and cAMP interactions [35, 36] ). Further complicating the story, PGE 2 signaling has a well-demonstrated, but complex and illdefined, role in EAE and MS (discussed in detail in [37] [38] [39] [40] ).
In normal inflammatory processes, human macrophages transiently produce high levels of PGE 2 . MS patients however, have elevated basal levels of PGE 2 in their PBMCs and cerebrospinal fluid (CSF), and cells from MS patients have been shown to make more PGE 2 than from healthy controls when stimulated [41] . These data appear to support an upregulation in PGE 2 -dependent processes in MS patients, but this supposition is challenged by a report demonstrating that monocytes from MS patients are less sensitive to PGE-stimulating reagents and are less sensitive to PGE-mediated increases in cAMP compared to healthy control monocytes. In summation, the current state of knowledge of PGE 2 signaling in general, and its specific role in MS, makes it very difficult to predict the net effect of LA on cAMP production in vivo, but it is clear that to gain any understanding of the MOA of LA, it is essential to examine PGE 2 production in a clinical setting. PGE 2 mediates cellular effects via excretion; thus, we analyzed its concentration in plasma. Our analyses revealed no significant differences between the three cohorts at baseline. These data seem at odds with previous reports indicating elevated basal PGE 2 in MS subjects, but those studies were performed in mixed MS populations, including RRMS subjects in both relapse and remission, and in both primary and secondary progressive MS subjects [41, 42] , making direct comparisons to our data difficult. Post-LA administration, significantly lower PGE 2 levels were observed in female RRMS subjects 4 h after LA was taken compared to both HC and SPMS (female) subjects, paralleling our cAMP data, where RRMS, but not SPMS subjects, exhibited significant differences from HC subjects. One previous study showed that monocytes from a small cohort of patients with chronic progressive MS (a group which includes both primary and secondary progressive MS) produced more PGE 2 in response to stimulation with complement than in those from RRMS patients [42] ; this raises the possibility that abnormal PGE 2 Fig. 5 Model of in vitro LA, PGE 2 , and cAMP interactions. In this figure, arrowheads indicate stimulation, and circles indicate inhibition. a LA and PGE 2 can each bind to and activate EP2/EP4 receptors, which in turn stimulates production of cAMP. Dual stimulation has a synergistic effect on cAMP production (dashed arrows). Conversely, in certain cell types, LA has been shown to suppress PGE 2 production, which has a negative effect on cAMP production via EP2/EP4 receptors. b PGE 2 binds to and activates EP3 receptors, which inhibit cAMP production. In this case, LA suppression of PGE 2 would result in higher cAMP levels, since less activation of EP3 receptors by PGE 2 would lead to a reduction in inhibition of cAMP production by EP3. The nature of the LA/EP3 receptor relationship is unknown response is part of the mechanism responsible for the differences seen here, i.e., the lower PGE 2 response in female RRMS subjects leads to less synergistic stimulation of cAMP production in the presence of LA compared to HC and SPMS subjects.
Though the mechanisms discussed above offer some insights, they do not directly address the fact that female RRMS PGE 2 concentrations are not simply lower than HC and SPMS values but actually appear to be driven down compared to baseline after LA administration. A possible explanation could lie in altered EP receptor expression, which can be up or downregulated in response to external stimuli, including inflammation. For example, upregulation of EP2 and EP4 receptors has been detected in neurons following inflammatory stimulus [43] . In contrast, LPS has been shown to downregulate EP4 expression in peritoneal macrophages, and very interestingly, this reduction appears to be dependent on PGE 2 and cAMP, suggesting a negative feedback mechanism, whereby high PGE 2 /cAMP levels cause downregulation of the EP4 receptor in activated macrophages [44] . This raises the possibility that MS subjects, who have been shown to have elevated levels of PGE 2 in relapsing and chronic disease states, may also have altered EP receptor expression as a result. Of relevance to our data, one hypothesis is that the altered ratio of EP2/4 receptors (which favor cAMP production and are activated by both PGE 2 and LA) to EP3 receptors (which favor cAMP inhibition) could yield opposing results to the same treatment. These divergent immunomodulatory responses to LA between HC, SPMS, and RRMS subjects highlight the gaps in mechanistic understanding of the pathogenesis of different MS subtypes and its potential treatments, underscoring the need for continuing laboratory studies. An important next step in future studies on PGE 2 in MS patients is to compare EP receptor expression between subject groups, to examine whether differential expression correlates with cAMP and PGE 2 concentrations in individual subjects, and to determine whether LA treatment alters receptor expression and/or cAMP/PGE 2 response over time.
Sex-Dependent Differential PGE 2 Response
Prostaglandins are involved in sex hormone signaling, and sex-dependent differential PGE 2 production, response, and receptor expression has previously been reported [45] [46] [47] , so differences between male and female PGE 2 levels are not unexpected. This provides a possible explanation for our result showing significantly lower PGE 2 concentrations in female, but not male RRMS subjects, compared to HC and SPMS. A recent study in rodent models supports this data, as female mice and rats with acute inflammation produced lower levels of PGE 2 than did male rodents, with the most significant differences observed at 4 h postinflammatory stimulus. These results were mirrored in complementary in vitro experiments using human neutrophils, which demonstrated that cells from females produced significantly less PGE 2 than cells from males 4 h post-LPS stimulation [48] . It is therefore conceivable that sex could play a role in response to treatments that involve prostaglandin production, including LA.
Significance of Changes in Cyclic AMP
The main effector of cAMP signaling is cAMP-dependent protein kinase (PKA), which is a ubiquitous, broad specificity kinase involved in the regulation of a diverse array of cellular events, including immunomodulation. The ubiquity of cAMP/PKA expression means that tight spatiotemporal regulation of its signaling is essential. Targeting of PKA activity is mediated by binding to a family of proteins called A-kinase anchoring proteins (AKAPs). Tethering of PKA to specific compartments by AKAPs allows PKA to be immediately available to phosphorylate localized substrate response to cAMP activation. AKAPs have been shown to simultaneously bind to PKA and other signal transduction molecules such as calmodulin, phosphodiesterases, phosphatases, and other kinases. The co-anchoring of PKA and phosphodiesterases (PDEs) is especially important for localizing the effects of cAMP-while cAMP activates PKA, PDEs catalyze the hydrolysis of cAMP, providing signal termination (reviewed in [49] ). For this reason, studies of cAMP signaling often require the use of pan-PDE inhibitor 3-isobutyl-1-methylxanthine (IBMX) in order to identify changes in cAMP levels that would otherwise be too transient to detect [50] . The mechanistic implications of the relatively small changes seen in cAMP in this study are not known, but given the tightly regulated and targeted nature of cAMP signaling, and the fact that we did not inhibit PDEs in our analyses, the small changes we detected in overall cellular levels of cAMP may reflect an outsized effect on specific function; thus, we believe that this study provides support for the hypothesis that cAMP is involved in the MOA of LA in SPMS patients. In future studies, it would be of interest to perform fluorescence resonance energy transfer (FRET) analyses with LA to more specifically track its effects on cAMP/PKA within immune cells.
TNF-α
Though TNF-α is known to be important in MS pathology, variable results from studies suggest it is not a good biomarker for disease; some reports show significant differences in TNF-α concentrations in CSF, PBMCs, and/or plasma between healthy controls and MS subjects, while others do not. Additionally, some have reported correlations between increased TNF-α and relapse in RRMS, but again, the consistency and significance of the correlation is questionable [26, [51] [52] [53] . Counterintuitively, TNF-α blockers have recently been associated with demyelination, even in patients with no prior history of MS [54] . In light of these conflicting reports, our finding that there are no significant differences in baseline TNF-α concentrations between HC and MS subjects that are in remission is not surprising. The complete lack of effect of LA on TNF-α concentrations in our study was somewhat unexpected, given that a variety of cell culture experiments have shown that pre-treatment with LA blocks inflammatory TNF-α production [55] . Several possibilities exist to explain the lack of effect. First, the effects may be cell type specific, and therefore may not be evident in a gross bodily measure such as plasma concentrations. Alternatively, the effects of LA on TNF-α may be indirect and downstream of its primary mechanism, meaning that any suppression may take time to show up in blood work. Previous studies that appeared to show suppressed TNF-α concentration with LA treatment in conditions other than MS showed significance at 2 weeks or more of LA administration [56] [57] [58] . Further analyses after longer LA administration times would therefore be required to determine its effects on TNF-α in MS patients, though the importance of these analyses is questionable given the indications that TNF-α is not a reliable MS biomarker.
Conclusions
This study establishes for the first time that the bioavailability of LA in RRMS and SPMS patients is similar to HC subjects, indicating that the disease state does not alter the LA bioavailability. Additionally, we show that oral LA alters cAMP levels in vivo, stimulating an increase in HC and SPMS subjects, which significantly differed from the decrease seen in RRMS. Finally, we demonstrate that plasma PGE 2 concentrations are significantly lower in female RRMS subjects compared to HC and SPMS female subjects 4 h after LA ingestion. These data suggest a novel mechanistic difference between the MS subtypes and that cAMP is a candidate as a biomarker to determine therapeutic efficacy in SPMS, but not RRMS patients. Whether this indicates that LA will lack efficacy in the treatment of RRMS is not known; MS pathology is a result of both immune dysregulation and oxidative stress-induced damage, and since LA is an antioxidant (as well as an immunomodulator), it is possible that it could be therapeutic in RRMS via a different MOA compared to SPMS. Further laboratory and larger clinical studies will need to be conducted to fully elucidate the role of LA, PGE 2 , and cAMP in both healthy and disease states.
